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Introduction
Global decrease of fossil resources and ever increasing environmental concerns caused a dramatic increase in the research on alternative energy sources in the last two decades. In addition to growing energy need along with the growth of world population and industrialization, the demand for more economic and more environmentally friendly energy production has driven to the use of renewable energy resources such as wind and solar. Accordingly, developed countries have provided billion $ grants and incentives for the development and proliferation of renewable energy technologies. They have built their national renewable energy action plans and put into place to reach the targets associated with use of energy from renewable resources [1] . This worldwide trend can play a vital role to reduce fossil fuel dependency of the global energy mix, which in turn reduce CO 2 emissions and help the decarbonisation of the energy sector [2] . Among various renewable energy resources, wind energy has been a leading form of renewable energy in terms of installed capacity [3] . As of end of 2017, global installed wind power accounts for about 51% of the total renewable power capacity excluding conventional renewable hydropower [4] . Global cumulative installed wind power capacity has increased from 17.4 GW in 2000 to 539 GW at the end of 2017 [5] . The use of wind energy is just as likely to increase in coming years as the technology is being competitive [6] .
In the growing wind energy market, offshore wind energy is becoming prominent due to restrictions of land availability for onshore installations [7] . Annual cumulative offshore wind power capacity has increased triple fold in the last 5 years, resulting in the accumulated capacity reaching 14.384 GW [5] . European countries are leading the world with over a cumulative installed offshore wind power capacity of https://doi.org/10.1016/j.esr.2018.12.005 Received 26 March 2018; Received in revised form 17 October 2018; Accepted 6 December 2018 12 GW in which the UK is the top country in terms of offshore installed capacity. The US and China also projected installed offshore wind power capacity of 22 GW by 2020 and 30 GW by 2030, respectively [8, 9] . Compared to onshore regions, offshore regions have lower roughness in terms of wind surface, resulting in higher wind speed and wind power density. However, the main barrier to the massive proliferation of offshore wind turbines is high capital and operational costs including the expenses related to the logistics over a life cycle [10, 11] . As the wind energy technology develops, a significant cost reduction could be achieved in the offshore wind sector in coming years to take advantage of its potential.
Turkey is one of the key emerging countries in the G20. The energy demand is rapidly increasing due to its economic development and growing population. In terms of the total installed power capacity, it is in the top 6 countries in Europe and in the top 20 countries in the world [5] . As of end of 2017, the total electricity production and installed capacity are 297.277 GWh and 85.2 GW, respectively [12] . The distribution of the produced electricity in terms of primary energy sources is as follow. Natural gas 32.5%, coal 33.6%, hydropower 24.5%, wind 5.7%, geothermal 1.8% and other (oil, biomass, solar) 1.9% [12] . Turkey is extremely dependent on natural gas imports, especially for electric power generation. The total imported natural gas amount in 2015 was 1.71 billion cubic feet [13] . The aggressive pursuit of renewable energy resources is therefore indispensable to reduce the country's dependence on oil and natural gas imports. Among all renewable energy sources, wind energy is promising in Turkey thanks to its geographical location. According to the data provided by Turkish State Meteorological Service (TSMS), the annual average wind speed is 2.58 (m/s) with the wind power density of 25.8 (W/m 2 ) at 10 m [14] . Considering only wind speed and water depth of 50 m, Malkoc [15] roughly estimates theoretical offshore wind energy potential of Turkey as 10.5 GW for the regions in wind classes higher than 4 (m/s). In Ref. [16] , the technical wind power potential of Turkey is estimated to be 83 GW which ranks Turkey as the highest wind power potential country among the countries in the European Organization for Economic Cooperation and Development. This awareness has shaped Turkey's energy policy over the past decade. Accordingly, the Renewable Energy Law was introduced in 2005 and revised several times to encourage and regulate the installations [17] . The policies have boosted the use of wind energy in the last decade, resulting in a wind electricity production of 11.6 million kWh by the end of 2015 [12] . However, the use of wind energy is still not satisfactory and can be further increased to meet the energy demand when considered high technical wind power potential. In addition, the wind speed spatial map of Turkey for offshore locations does not currently exist. As a result, the offshore wind power potential has not been explored yet.
This study presents a multistage scheme for finding the most suitable offshore wind farm locations in Turkey among the 55 coastal regions, including their technical power capacities. A multi-criteria site selection (MCSS) analysis is performed by considering technical (e.g., wind speed and sea depth), social and civil restrictions, i.e., territorial waters, military areas, civil aviation, shipping and pipeline routes, environmental concerns. Based on available coastal wind speed data, the most applicable offshore sites are first determined. Then, a cascaded MCSS analysis is performed by assessing each predetermined site according to the restrictions pertaining to the studied area. Using the WAsP software [18] , Weibull distributions of the wind speed are extracted for the selected locations. In the final stage, considering the sea depth of 45 m, main wind direction, and the distance to shore, the micro-sitting analysis is performed to identify the number of wind turbines and their configurations. The rest of this paper is organized as follows. Section II reviews the research conducted on the wind energy potential of Turkey and the multi-criteria decision analysis used in the assessment of offshore wind power locations. Section III introduces the site description and the methodology used including the implementation of the proposed site selection criteria. Results and discussion are presented in Section IV. Finally, Section V provides the concluding remarks.
Literature review
The studies conducted on wind energy in Turkey can be classified into two groups [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The first group overviews wind energy developments in Turkey [14, 17, [19] [20] [21] . Based on the data by the Turkish National Committee of the World Energy Council, the findings reveal that annual average wind speed in Turkey varies from the lowest value of 2.1 (m/s) with a wind power density of 13.19 (W/m 2 ) in East Anatolia region, to the highest value of 3.3 (m/s) with a wind power density of 52 (W/m 2 ) in Marmara region [22] . Between the years of 2008 and 2013, the installed wind energy capacity increased 7 folds, reaching total capacity of 2,958 MW. Thirty percent of total wind energy capacity has been installed in the coastal regions of Turkey by the end of 2015 [22] . The second group studies investigate the wind energy potential using statistical methods for various regions of Turkey [22] [23] [24] [25] [26] [27] . In these studies, Weibull distributions are used to determine the wind energy potential. The studies used monthly or annual average wind speed data to obtain wind speed complete frequency distributions. The study in Ref. [23] showed that the wind density at a height of 25 m above the ground level in the south-eastern Mediterranean region is about 500 (W/m 2 ) which makes the area convenient for wind energy system installations. Eskin et al. [24] extrapolate the collected wind speed data at heights of 10-30 m to 50 m for Gokceada Island. It was found that the wind speed varies from 7 (m/s) to 11 (m/s) at the height of 50 m. Another study [25] ), respectively. Wind energy potential in coastal regions of Turkey is studied in Refs. [22, 26] . Among 12 coastal stations investigated, Marmara region's coastal areas are found to be the most promising for wind energy system installations [26] . IlKilic et al. [22] showed that coasts of Marmara and Aegean sea have the highest wind energy potential with an annual average wind speed of 6.9 (m/s) at the height of 50 m. It is further found that East Mediterranean and Western Black Sea coasts with an annual average wind speed of 6.4 (m/s) are the following best potential areas. Majority of the existing wind energy potential studies in Turkey concentrate on the onshore wind power potential of Turkey. Moreover, the studies consider only Weibull distributions of wind speed data particularly pertaining to the studied coastal area and disregard the location restrictions that decrease to use its wind power potential. Argin and Yerci in Ref. [27] investigated the feasibility of coastal regions for offshore wind energy system installations earlier as a preliminary study. It is shown that some part of Aegean and Marmara sea coasts (e.g. Canakkale, Gemlik, Datca) are not applicable for offshore wind energy system installations even though the regions have above average wind speed (e.g., > 3.0 (m/s)) due to civil restrictions (e.g., territorial waters and shipping routes). The study is also restricted to broad investigation of offshore locations.
The multi-criteria decision analysis (MCDA) methods have been the main research stream in the assessment of offshore wind farm locations since the assessment incorporates numerous criteria in its nature [28] [29] [30] [31] [32] . Among possible methods such as the Preference Ranking Organization Method for Enrichment Evaluation (Promethee), Electre etc., analytical hierarchy process (AHP) is one of the most popular MCDA methods involving both qualitative and quantitative evaluation criteria in sustainable energy development planning [32] . A methodology for choosing the location of an offshore wind farm is proposed in Ref. [28] . The set of options is evaluated in terms of various aspects (e.g., spatial, economic and social and environmental aspects) under numerous sub criteria. Based on their priority and expert judgment, the criteria are relatively weighted by using the AHP method while the Promethee II method is applied for ranking decision options. In Ref. [30] , to solve a decision-making problem of determining an offshore wind farm location among four decision options, Ziemba et al. proposed an improved Promethee method, where the measure of mean absolute deviation extended by the weights of criteria is used. It was shown in Ref. [30] that the improved method provides a lower degree of criteria compensation with more stable and less sensitive to changes in the criteria weights as compared to the Promethee counterpart even though both methods give the same offshore location as the most sustainable option. For the same problem, Salabun et al. in Ref. [29] proposes a fuzzy based model which is independent of decision options. The uncertainty and imprecision of input data regarding variants characteristics have an impact on the subjectivity of the assessment. A fuzzy MCDA method is therefore developed in Ref. [31] to present uncertainties and imprecision appearing in decision problems.
Eligible offshore sitting locations have not been identified yet in Turkey. This study aims to explore all optimal offshore location sites and calculate their wind power potential rather than ranking possible sites for the decision making purpose. In this task, most of the criteria in assessing the locations in terms of various perspectives (technical, environmental, and social-economical) are considered equally in a cascaded way, each of which cannot be opt out for another. However, majority of MCDA methods employed in the literature include derivation of priority vectors for relatively weighted criteria, implementation of those by using numerical values, and ranking of decision options based on the evaluation criteria. Therefore, the ranking possible sites with an evaluation through weighted criteria may not be feasible in mapping large scale offshore wind power potential atlases.
Site selection

Methodology
Turkey is located between Europe and Asia and covers 780,000 km 2 land area. Turkey has rich offshore areas as the country is surrounded by three seaside, namely Black Sea, Mediterranean Sea, and Aegean Sea. In addition, Marmara Sea is located within the country borders. However, due to its strategic location that brings special coastal security and being so close to neighbor country's sea territorials, special and detailed analysis is needed to estimate the offshore wind energy capacity of Turkey.
The methodology for site selection of offshore wind farm and capacity includes mainly four steps some of which are studied manually by paying detail attention. The historical wind data is used and analyzed to find suitable locations. Extensive and careful study is performed to estimate the maximum possible wind power output. The first step as expected is the wind speed analysis. Since there is no available offshore wind speed data to the researchers, the data collected at the nearby onshore meteorological stations are used in this study. The wind speeds in possible offshore locations are estimated based on the available onshore data. The second step mainly includes filtering of locations with substantial wind speed by combining several selection criteria that are going to be explained in detail in the next section. The offshore area meeting all the criterion after filtering is proceeded as the potential wind farm location. The third step is the use of WAsP software to conduct statistical analysis of hourly wind speed data for the potential areas. The fourth and last step is the wind farm sitting analysis (micrositing) where the number of turbines, their exact locations, and configuration are identified. The flow chart in Fig. 1 shows the proposed scheme in detail and explanations of each step are given in the following subsections.
WindPRO is one of the most popular wind modeling software used to design and analyze offshore and onshore wind farms [33] . First, the coordinates and topographical maps of the projected area, wind data (wind measurements from metrological stations and climatological data), roughness, and height contour maps information are inserted to the system. WAsP (Wind Atlas Analysis and Application Program) is one of the essential modules which is used as an internal calculation engine within the WindPRO software to calculate the energy values [18] . In this study, WAsP 11.2 student version is used to conduct statistical analysis of hourly wind speed data. As summarized in Fig. 2 , WindPRO and WAsP combine the power curve of the projected wind turbine (e.g., SWT 3.0) with the annual wind speed distribution for each offshore wind location to estimate the annual wind energy yield and other related wind resource assessment analysis results. Turbines with a rated power of 3 MW are considered in the wind farm design since this turbine capacity is currently a typical commercial configuration and it is also supported by WindPRO. Wind array losses are also calculated using the inserted information. Using the module outputs, the highest mean wind speed and mean power density of the locations are identified.
This paper is the first attempt to mapping the offshore wind power potential of Turkey among the 55 coastal regions. This work is an exante estimate that uses the available data such as wind speed, geographic concerns, and public perceptions, considering various criterion without any priorities. This study has been largely limited by the data used. As such, there is no offshore specific measurements available. It is assumed that the collected data at nearby onshore meteorological stations are accurate, and the oceanography data are up to date and precise. All of the aforementioned constraints add some level of uncertainty into the analysis as well.
Wind potential analysis (Steps 1 and 3)
To have wind energy systems technically and economically viable, wind farms are installed on higher wind speed potential areas. Accurate and reliable wind data is essential for a potential wind energy assessment of the selected site. General Directorate of Renewable Energy and TSMS are the government agencies in Turkey providing wind data information. In this study, wind speed and direction data for 55 coastal sites in Turkey, provided by TSMS are used. Locations with wind speed of more than 3 (m/s) are considered. The provided data are based on measurements made at the height of 10 m on an hourly basis at the respective nearshore meteorology stations. In addition, due to the lack of 10 years of measurement at certain locations, the data includes measurements for 5-10 years in some locations. Unfortunately, none of the measurements belongs to offshore sites due to a lack of offshore meteorology stations in Turkey. Consequently, offshore wind energy potential assessment are made based on onshore wind data measured at the closest nearby onshore meteorology station. It is obvious that the actual wind speed at offshore is higher than the speed at the coastal side.
Since the provided data include measurements at the height of only 10 m, the wind speed, V, (m/s) for various heights can be calculated by (1) as follows:
where, V and V 0 are the wind speed (m/s) at height h and 10 m, respectively. h is the height (m) corresponding to V (m/s). α refers surface roughness coefficient, which is chosen as 0.12 for terrain data since the assessments are made for smooth sea surface for offshore sites [34] .
Offshore wind farm site selection criteria (Step 2)
Site selection is key to the success of offshore wind farm projects both economically and technically. Primary investigation of restricted areas is required. Depending on the area properties, the perspectives may include but are not limited to oil and gas extraction, military exercise areas, underwater cables, harbor entrances and navigation routes, environmental restrictions, aquaculture, sand and gravel extraction, marine archaeology sites, landscape and seascape as public heritage, offshore renewable energy projects already installed in the region of interest and the relevant characteristics (water depth, distance to shore, distance to operation and maintenance base, seabed geology, social and regulatory issues, safety) of the area [35, 36] .
Considering the conditions of seas in Turkey, an offshore site must be primarily suitable in terms of wind speed, territorial waters, military areas, civil aviation, maritime traffic, pipelines, and underground cables routes [37, 38] . In addition, relatively minor environmental and social concerns such as noise and visual impact of wind farms, displacement of birds and mammals may place restrictions on offshore Energy Strategy Reviews 23 (2019) [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] wind farm site [39] . Many other limitations such as the location of oil and gas platforms and mining zones that are not applicable for Turkey are usually considered in other countries in the identification of wind farm site. The following sections explain the details of the applicable criteria that are used in this study.
Territorial waters
According to international law [40] , territorial waters is defined as the area of the sea immediately adjacent to the shores of a state and they are subject to the territorial jurisdiction of that state. The current width of territorial waters protected in treaty law by the United Nations Convention on the Law of the Sea of 1982 (Art.3) is 12 nautical miles (∼ 22 km). Turkeys territorial water in the Aegean Sea is very narrow due to the close proximity of Greek islands. At present, both countries keep 6 nautical miles (∼ 11 km) off their shores in the Aegean Sea. However, the territorial waters at some locations are reduced to one nautical miles or less. This criterion is not a concern for Black Sea and Mediterranean Sea sides because of being far from neighbor countries.
Military areas
Some seas and lands are used by the military for training purposes, thus these areas are restricted for other uses. Military areas consist of training fields, naval restricted zones, and naval special security zones. The Military often uses open areas with low population density and raise concerns about possible wind farms effect on aviation. There has been always a conflict between the expansion of wind farms and military areas. Therefore, the restrictions imposed by the military complicates the installation of economically feasible wind farms [41] .
Civil aviation
Noise generated by wind farms leads to complications in radar systems. In some countries, additional funds are allocated to support research on reducing the harmful effects of wind farms on radar systems. In UK, Memorandum of Understanding was signed in 2008 between the wind and aviation industries with the Government to overcome these issues. Aircrafts take-off and landing points should also be taken into consideration when making site selection decision for the offshore wind farm as restrictions may be imposed within a certain distance.
Shipping routes
Due to increased demand for offshore wind farms, shipping routes have become the main issue especially in most of the developed countries. Studies have been conducted on marine spatial planning for effective use of coastal areas [42, 43] . The economic impact of changing vessel routes on offshore wind projects has also been investigated as wind power industry is increasingly pushing government agencies for more space [44] . There is still an argument between stakeholders because of the use of coastal areas. Thus, a detailed analysis must be made before selecting the site of the offshore wind farm in terms of shipping routes.
Pipelines and underground cables
Pipelines and underground cables should not be exposed to any damages occurring from wind farms in the short and long term. Mariners should avoid anchoring, dredging or trawling in 500 m vicinity of submarine cables and natural gas pipeline since it is dangerous and prohibited [45] .
Social concerns
Visual impact and noise arising from wind farms are the two major concerns while installing offshore wind farms. The structureless landscape of wind turbines may cause visual disturbance. However, the visual impact of offshore wind farms can be minimized by locating the turbines away from coastlines. Noise arising from wind farms can be audible up to 1 km and thus can be problematic for residents living nearby, as a result, leads to public opposition for wind energy projects. Although this is relatively a minor problem for most of the offshore wind farms, by installing wind turbines properly and keeping reasonable distance to nearby residents, noise problem can be significantly reduced for offshore wind farms [39] .
Environmental concerns
Environmental concerns due to heavy use of fossil fuels is one of the major driving force for growth of renewable energy sources including wind power. However, recent developments in wind energy industry have raised other environmental concerns on biodiversity. In Europe, there is very strong legislative framework to balance wind energy development with nature conservation. Any development causing adverse effect is subject to an appropriate impact assessment.
The impacts include collision risks, barrier effect, displacement, habitat loss or degradation. Birds and bats have a risk of colliding with wind turbine components. Wind farms are considered to force birds to change their flight direction. Birds and marine animals may relocate from their habitats due to visual, noise and vibration impact arising from wind farms. Depending on the size of the wind farm, habitat loss varies. In developed countries, Strategic Environmental Assessments including sensitivity mapping at the regional or national level are used to identify available and restricted zones for wind farm development [39] .
Sea depth
Installing offshore wind turbines requires special attention on sea soil properties, sea depth, and wave heights since the turbine foundations need to be secured. Sea depth is one technical criteri on that mainly affects the cost of turbine installation. The foundation cost is almost tripled for an increase in depth from 10-20 m to 40-50 m. The offshore wind turbine installations in Europe have an average sea depth of 20 m and 22.4 m in 2013 and 2014, respectively. In terms of economically viability of offshore wind farms, sea depth is currently taken as 50 m in Ref. [46] . In this study, the sea depth of 45 m is selected as a selection criteri on for sitting the wind turbines.
Sitting analysis (Step 4)
After identifying the exact site location and its borders through the above-mentioned criteria, the next step is micro-sitting configuration of wind turbines fitted carefully into the proposed area. The total number of turbines, and so the total power capacity, depends on how efficient the turbines are sited. The distances between the turbines play a critical role on the efficiency and power output of a wind farm since the wind speed cannot be efficiently used as some of its energy is extracted by the wind turbine blades. The rules-of-thumb for tower spacing for a rectangular area is 3-5 rotor diameter (D) spacing between towers within a row and 5D-9D between rows [47] . The turbines used in this study have a rotor diameter of 100 m. The designed offshore wind farm consists of 5D tower spacing in a row, while 9-10D spacing between rows is selected depending on the availability of the specified site. This micrositing configuration is selected to fit maximum available installed capacity within the proposed project aerial.
In addition to the turbine spacing criterion, the main wind direction is considered for the specific location on identifying the turbine number and sitting. The WAsP analysis provides the main wind direction. The wind farm layout is prepared by positioning the location of the individual wind turbine by considering the main wind direction. Optimum micro-siting is an essential step to minimize the array losses in wind energy projects. The distance to shore is also considered for both defining the area and siting the turbines since the closeness is part of the social and environmental concerns. In this study, the nearest distance of turbines to shore varies from 150 m to 335 m, while the farthest distance of turbines varies from 1225 m to 7360 m. During this analysis, distribution plots and nautical charts are used for accurate sitting.
Results
Wind speed analysis and site selection (Steps 1 and 2)
As the first step, the wind speed of locations is analyzed. Hourly mean wind speed for the studied coastal regions is provided in Fig. 3 . As shown in the figure, considering the mean wind speed of higher than 3 (m/s), only eleven offshore locations (i.e., Bozcaada, Amasra, Samandag, Gokceada, Inebolu, Canakkale, Bandirma, Gemlik, Datca, Aliaga, and Karasu) among the 55 locations are considerable for wind farm installation. These 11 coastal regions are shown on the map of Turkey (Fig. 4) .
As the second step, the suitability of selected locations are assessed through the aforementioned criteria as follows:
1 First, the suitability of eleven regions for offshore wind farm development in terms of territorial waters is analyzed. Regions on the Black Sea, Marmara Sea and the Mediterranean Sea do not have territorial water issues since the width of territorial waters is high with neighbor countries. Therefore, Samandag, Gemlik, Bandirma, Amasra, Karasu, and Inebolu can be considered for offshore wind farm development. However, Gokceada, Bozcaada, Canakkale, Aliaga, and Datca are by the Aegean Sea, thus, territorial waters criterion must be taken into account for wind farm installation due to their close proximity to Greek territorial waters [48] . Based on the detailed analysis of these five shores, it is found that there are relatively less areas for offshore wind farm installations at Aliaga and Datca. Particularly, Turkish territorial waters surrounding Datca is very limited due to close proximity to Greek territory. In conclusion, Datca is considered as an unsuitable while Aliaga is considered as partially suitable sites in terms of territorials water. 2 Second, each of the selected locations is analyzed in terms of the military restrictions criterion. There are several training and shooting zones in Black Sea region. In Amasra region, the restricted zone is within the 15 miles radius of Amasra coastal sides. Thus, Amasra cannot be considered for offshore wind farm development. On the other hand, there are no military zones on the sea within close proximity of Karasu and Inebolu, therefore, these two locations are suitable for offshore wind farm development. Marmara Sea has training and shooting zones. There is a shooting zone on the northeast side of Bandirma, but it is far from any possible wind farm development zone. There is also military training zone covering the entrance of Gemlik bay that may limit the wind farm installations. Similar zones exist in the Aegean Sea. Particularly, military zones surrounding Canakkale makes it very difficult to consider offshore wind farm installations on the north-west side of Canakkale. Aliaga has also a special security zone by its coast, hence its shores have restrictions in terms of offshore wind farm development [45] . Military zones around Bozcaada and Gokceada, are not an issue since possible sea surface is available for wind farm installation. Datca bay and Samandag is free from any military restrictions. 3 Third, when assessing the selected locations in terms of civil aviation, there is no close by the airport in any of eleven locations based on aircrafts take-off and landing routes, provided through the Directorate General of Civil Aviation [49] . However, there are helicopter and small aircraft landing points on or by the sea at Gemlik, and Datca. With multiple landing points on the sea, Datca appears to have more difficulties due to a lesser area in the sea for wind turbine installations. In addition, possible installed wind farms may also increase noise effect on radar systems for the aircraft landing points. 4 Fourth, major shipping routes in Turkey is identified from Ref. [27] .
These shipping routes are not very close to proposed coastal regions thus, it does not become a major concern for offshore wind system development in many regions. However, the Dardanelles pass at Canakkale is the main route for maritime traffic, hence it is not suitable for offshore wind farm construction. In addition, Aliaga has a heavy maritime traffic as well due to the presence of petrochemical refinery and many ship s dismantling facilities. Gemlik bay in Marmara region has a high volume of shipping routes due to Gemlik port located at a very narrow bay in the region. Therefore, Gemlik appears to be not suitable for offshore wind system. 5 Most of the natural gas and petroleum pipelines in Turkey are going through the land and not too many on the coastline. There is not any pipeline nearby the proposed coastal regions except the Canakkale, which is already a restricted zone in terms shipping route criterion. Considering public opposition on the location of wind farms, Datca bay may be of concern. Datca is a touristic area and wind farms may cause visual impact since turbines must be located very close to the land due to limited territorial waters. Most importantly, Datca area is a protected zone according to Forestry and Water Affairs Ministry in Turkey that brings additional concerns for the wind farm development. There is a protected zone for carettas at the south-west side of Samandag that makes it partially suitable in terms of environmental concerns.
In conclusion, the above-mentioned criteria analysis for selected eleven locations is summarized in Table 1 . The wind speed values are calculated based on Eq. (1). It is shown that the shores of Amasra cannot be considered for offshore wind systems due to military training zones in spite of its high wind power potential. Canakkale and Gemlik shores have many restrictions due to military areas, shipping route etc. Datca bay cannot also be considered for offshore wind farm development due to being a protected zone, civil aviation-related issues, and visual impacts. Aliaga becomes infeasible due to the military special security zone and heavy maritime traffic. Karasu meets all of the criteria. However, its mean wind speed is low for feasible offshore wind farm development. In conclusion, the five locations, namely, Bozcaada, Bandirma, Gokceada, Inebolu, and Samandag coastal regions, are promising for offshore wind systems in Turkey.
Siting analysis for selected regions (Steps 3 and 4)
The five suitable locations indicated in Table 1 to 714 (W/m 2 ), respectively. The wind blows from northeast to southwest. Fig. 6 shows the proposed wind farm site at Bozcaada shores and the sitting of wind turbines. The northwest shores of Bozcaada is primarily chosen as the suitable location due to shallow waters. In addition, this area is selected to capture maximum wind power potential based on the main wind direction as given in Fig. 5 . The selected area does not interfer with the military areas border and Greek territorial waters. The number of wind turbines is determined based on the , respectively. The wind direction is from northeast to southwest as in Fig. 7. Fig. 8 shows the proposed wind farm site at Bandirma shores and the sitting of wind turbines. The northeast shores of Bandirma is chosen for wind farm installation due to more availability of sea space since the other sides of the sea in Bandirma shores are restricted by the military area and shipping route. The total number of turbines is calculated as 97 that can be sited within the selected area with a maximum power generation of 291 MW. The closest and farthest turbines are placed at 301 m and 6639 m from the coastline, respectively.
Gokceada is the biggest island of Turkey and located at the north of Aegean Sea and west of Canakkale. There is currently no onshore wind farm installed at Gokceada. The WAsP analysis results are shown in , respectively. As seen in Fig. 9 a, the wind directions are primarily from the northeast to the southwest and from the north to the south. Fig. 10 shows the proposed wind farm site at Gokceada shores and the sitting of wind turbines. When considering the sea depth of 45 m restriction, relatively small area on the east shores of Gokceada can be used. The area is bordered by military restricted zone on the north-east side and restricted by the diving zone on the south-west side of the island. The selected area can host 74 turbines with a maximum power generation of 222 MW. The closest and farthest turbines are situated at 155 m and 3623 m from the coastline, respectively.
Inebolu is located at northern Turkey and the south of Black Sea. At present, there is no onshore wind farm located at Inebolu. WAsP analysis conducted for Inebolu at 50 and 150 m are shown in Fig. 11 As seen in Fig. 11 a, the wind directions are primarily from the south to the north and from the southwest to the north east. , respectively. As shown in Fig. 13 , the wind mainly blows from the north-east to the south-west and the south-west to the north-east. Fig. 14 shows proposed wind farm site at Samandag shores, and the sitting of wind turbines. The north-west side of Samandag is chosen for wind farm installation since there is a protected zone for carettas at the south-west side of Samandag that makes wind farm installation impractical. The designed wind farm consists of 9D spacing between rows unlike the turbines with 10D row spacing sit in other four sites. The total number of turbines is calculated as 57 with a maximum power generation of 171 MW. The closest and farthest turbines are situated at 175 m and 1225 m from the coastline, respectively. The designed offshore wind farms for the most suitable coastal regions are summarized in Table 2 . The total offshore wind power capacity of Turkey is calculated as 1.62 GW. As reported in the table, Bozcaada is the best region for offshore wind farm development. It has the highest wind speed with 9.3 (m/s) at 150 m. In addition, thanks to shallow waters at the selected site, more turbines can be installed within 45 m sea depth. Thus, a wind farm with a maximum power capacity of 669 MW can be installed in the selected site. There seems to be less visual impact concern due to lack of residential settlement at Bozcaada across proposed offshore wind farm. The total amount of power generated (669 MW) requires a new substation construction. In addition, the cost of power transmission to the mainland of Turkey may also be expensive due to the high cost of underground cable installations for 25-30 km distance to the mainland. This is also the case for Gokceada.
In addition to Bozcaada, Bandirma and Inebolu are also promising for offshore wind systems with a maximum wind power capacities 291 MW and 276 MW, respectively. Public concern may be of interest at Inebolu, because the turbines are installed just nearby the shore (45 m away from to the land). Similar to Bozcaada case, relatively shallow water in the selected site of Bandirma allows installing more turbines away from the shores preventing possible visual impact concern. Compared to Bozcaada case, however, the power transmission cost seems to be relatively lower due to close proximity to the land. Samandag has the lowest offshore wind power capacity among selected five regions within the sea depth of 45 m, even though the wind speed is the second highest. However, the close locations of designed turbines to the land may limit power transmission costs making offshore wind farm installation feasible in Samandag.
Conclusion and future studies
In this paper, offshore wind farm site locations of Turkey have been explored through wind energy potential assessment of 55 coastal regions. First, suitability of regions with average wind speed over 3 (m/s) is assessed. Second, the MCSS method has been used to find the best suitable locations. Finally, statistical analysis of wind speed for the locations meeting the MCSS is conducted using the WAsP software. In addition, micro-sitting configuration of wind turbines is determined considering the sea depth of 45 m, main wind direction, and the distance to shore. The analysis of the results yields the following conclusions:
• Although three fourth of Turkey are surrounded by sea, out of 55 coastal regions, only 11 regions including Bozcaada, Amasra, Samandag, Gokceada, Inebolu, Canakkale, Bandirma, Gemlik, Datca, Aliaga, and Karasu are considerable for offshore wind farm installation as the mean wind speed at selected sites is higher than 3 (m/s). In addition, some sites with high wind speed ratio are still not eligible for installations due to the restrictions resulting from their geographically strategic location such as military zones, shipping routes, civil aviation, touristic places, etc.
• Sites that do not meet offshore wind farm site selection criteria: The shores of Amasra cannot be considered for offshore wind power systems due to restricted military training zones even though high wind speeds exist in the location. Canakkale, Datca, and Gemlik have many restrictions that do not meet the location selection criteria, thus, the regions are not suitable for offshore wind systems. Due to a military special security zone and a heavy maritime traffic at Aliaga, a detailed investigation must be made together with national army forces to prevent any possible problem for offshore wind farm development. Karasu meets all of the criteria, but wind speed is still low for feasible offshore wind farm development.
• Suitable sites: based on proposed MCSS analysis, Bozcaada, Bandirma, Gokceada, Inebolu, and Samandag coastline are the most suitable locations for offshore wind farm development. Bozcaada has the highest wind power potential with a total capacity of 669 MW, while Samandag has the lowest with a total capacity of 171 MW. The total offshore wind power capacity is estimated to be 1,629 MW that corresponds to approximately 30% of the current installed wind power capacity of Turkey. This finding indicates that studies about offshore wind farm installation should be accelerated in Turkey.
• This study used the wind speed data collected at the coastal regions.
It is obvious that offshore meteorology station installations are needed to better assess offshore wind power potential. Hence, it is recommended that the policy makers shall organize offshore specific measurement campaigns to increase the reliability of future offshore related studies.
• As the offshore wind industry develops, the economics might change, which in turn make marginal sites more feasible. However, based on the current data, the specified sites as reported in this study should provide a starting point for examining where offshore wind farms could be installed.
• Besides the offshore wind resource assessment studies, other offshore renewable energy resources can be investigated in an integrative way.
The presented study will be further extended with the techno-economic feasibility analysis of the selected offshore sites to investigate the economic viability of the future offshore wind farms. As such, this work will consider technical findings from this study, state of the art investment, operational and maintenance cost values of the typical offshore wind farms, local incentives, and other realistic financial factors. A part of this work has been carried out in parallel with the presented study and can be found in Ref. [51] . In addition, the sea basement analysis has to be carefully investigated because the soil structure affects the cost of turbine installations. The transmission and distribution of the generated wind power is another issue that needs to be taken special attention. Some of the selected locations in this study are the islands which may have not a close substation at the coastal side. Therefore, possible substation installation on the coastal side should be taken into consideration both in technical and economic analysis. As a more precise site selection analysis, more accurate offshore wind data can be collected for offshore locations, and careful sea depth and soil analyses can be performed. Collaborating with government agencies, more up to date policy information can be obtained. Based on the collected data, priorities can be set and weighted to be used in other modern numerical analysis methods for multi-criteria decision such as MCDA. Finally, possible collaboration with the neighboring country, Greece, on installing offshore wind farms may lead to the use of higher offshore wind power potential in the Aegean Sea.
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